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Emergence of Input Specificity of LTP
during Development of Retinotectal
Connections In Vivo
hippocampal neurons, induction of LTD or LTP at gluta-
matergic synapses was also found to be accompanied
by depression or potentiation of other synapses, for
example, input synapses on the presynaptic dendrites
(Fitzsimonds et al., 1997; Tao et al., 2000), divergent
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outputs of the presynaptic cell (Fitzsimonds et al., 1997;
Tao et al., 2000), or convergent inputs of the postsynap-
tic cell (Fitzsimonds et al., 1997).Summary
Despite the above findings, it remains unknown
whether the “breakdown” of input specificity is a phe-Input specificity of activity-induced synaptic modifica-
nomenon generally associated with the developing neu-tion was examined in the developing Xenopus retino-
ral circuits and whether it occurs in vivo. In this study,tectal connections. Early in development, long-term
we addressed these questions by examining activity-potentiation (LTP) induced by theta burst stimulation
induced synaptic modification in the developing retino-(TBS) at one retinal input spreads to other unstimu-
tectal system of Xenopus tadpoles in which converginglated converging inputs on the same tectal neuron. As
inputs to a single tectal neuron can be monitored. More-the animal develops, LTP induced by the same TBS
over, the change in input specificity was examined atbecomes input specific, a change that correlates with
different developmental stages. We found that for LTPthe increased complexity of tectal dendrites and more
induced by theta burst stimulation (TBS), there was norestricted distribution of dendritic Ca2 evoked by each
input specificity until developmental stage 44–45. Theretinal input. In contrast, LTP induced by 1 Hz corre-
emergence of input specificity appears to correlate withlated pre- and postsynaptic spiking is input specific
dendritic development and the restriction of Ca2 eleva-throughout the same developmental period. Thus, in-
tion within the dendrite. Interestingly, LTP induced byput specificity of LTP emerges with neural develop-
low frequency correlated spiking was found to be inputment and depends on the pattern of synaptic activity.
specific even during the early stage of development,
suggesting that input specificity also depends on theIntroduction
pattern of stimulation.
Activity-induced synaptic modification is essential for
Resultsthe refinement of synaptic connections in the developing
nervous system and for information processing and
Bursting Activities in the Tectal Neuronsstorage in the adult brain (Bliss and Collingridge, 1993;
In vivo whole-cell perforated patch recordings wereKatz and Shatz, 1996). It has been generally assumed
made from the tectal neurons in stage 40 Xenopus tad-that this form of synaptic plasticity is input specific,
poles (Zhang et al., 1998). We observed that, in thenamely, only those activated synapses are modified.
presence of low-level background light, tectal neuronsAlthough many experimental results are consistent with
exhibited random firing of single spikes as well as briefthis assumption (Malenka and Nicoll, 1999), there is evi-
bursts of spikes (Figure 1A). Voltage clamp recordingsdence that synaptic plasticity induced at one synapse
indicated that the bursts consisted of synaptic inputsmay be accompanied by changes of synaptic efficacy
at a frequency of 128  78 Hz (mean  SD, n  43). Itat adjacent synapses (Bonhoeffer et al., 1989; Schuman
is known that these tectal neurons can respond to stepand Madison, 1994; Cash et al., 1996; Engert and Bon-
change of light intensity (Zhang et al., 2000). The typicalhoeffer, 1997; McMahon and Kauer, 1997; Fitzsimonds
responses of tectal neurons to a dimming stimulus con-et al., 1997; Goda and Stevens, 1998; Tao et al., 2000;
tained a burst of spikes (Figure 1B). These high fre-Nishiyama et al., 2000). In hippocampal slices, LTP in-
quency bursts resemble that induced by theta burstduced at one set of inputs on a CA1 pyramidal cell was
stimulation (TBS), which is often used for inducing LTPfound to spread to synapses made by the same set of
in the hippocampus and the visual cortex (Larson andafferent fibers on neighboring cells (Bonhoeffer et al.,
Lynch, 1986; Kirkwood et al., 1995). As shown in Figure1989; Schuman and Madison, 1994), or to the nearby
1C, the response of the tectal cell elicited by TBS, whichsynapses made by different inputs on the same postsyn-
consisted of 10 trains (spaced by 200 ms) of 5 pulsesaptic cell (Engert and Bonhoeffer, 1997). Tetanization
at 200 Hz, contained similar bursting events. For com-of CA1 afferent induces long-term depression (LTD) at
parison, we quantified the distribution of interspike inter-excitatory synapses onto GABAergic interneurons in
vals of spontaneous bursts and those induced by TBSstratum radiatum, and this LTD spreads to other excit-
and dimming stimuli. As shown in Figure 1D, a peak ofatory synapses on the same postsynaptic neuron
interspike intervals was observed at about 10 to 15 ms(McMahon and Kauer, 1997). In cultured dissociated
(70–100 Hz) for bursts observed for all three types of
activities, although the spontaneous activity contains1 Correspondence: mpoo@uclink.berkeley.edu
more events at higher intervals. Thus, theta burst resem-2 These authors contributed equally to this work.
bles some aspects of synaptic activity under natural3 Present address: Keck Center of Integrative Neuroscience, Univer-
sity of California, San Francisco, California 94143. condition and was used in the present study to examine
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the effect of high frequency activity on the efficacy of
retinotectal synapses.
TBS-Induced LTP in Stage 40 Tadpoles Spreads
to Convergent Inputs
The synaptic efficacy of two converging retinal inputs
from the contralateral retina was monitored by recording
monosynaptic excitatory postsynaptic currents (EPSCs)
evoked by stimulating retinal ganglion cells (RGCs) with
two loose-patch electrodes (see Experimental Proce-
dures). Immediately following three episodes of TBS (at
10 s interval, with the tectal neuron in current clamp), we
found a significant increase in the amplitude of EPSCs
elicited by both inputs (Figure 2A). Results from 11 ex-
periments showed that a similar extent of synaptic po-
tentiation was observed at both inputs (changes in EPSC
amplitude 25–30 min after the induction were 40  7%
for the tetanized input A, 33  7% for the untetanized
input B, mean SEM), although for the untetanized one,
the onset of potentiation was delayed and there was no
post-tetanus potentiation observed (Figure 2B). Thus
TBS-induced potentiation spreads to other convergent
inputs, and is not input specific under these conditions.
The induction of potentiation requires the function of
N-methyl-D-aspartate (NMDA) subtype of the glutamate
receptors. Perfusion of the tectum with D-APV (50 M),
an antagonist of NMDA receptors, or voltage clamping
the tectal neuron at 80 mV during TBS, completely
abolished the persistent potentiation at both inputs (Fig-
ure 2C). Synaptic strengths at 25–30 min after TBS were
94  5% (mean  SEM) and 94  4% of control for
input A and input B, respectively, in the experiments
with APV (n 7), 103 4% and 99 4% in the voltage-
clamping experiments (n 8). Post-tetanus potentiation
was observed only at the stimulated input, consistent
with presynaptic plasticity due to high frequency stimu-
lation (Zucker, 1999).
Possible Involvement of Intracellular Signals
Several in vitro studies have shown that activity-induced
synaptic changes can spread to adjacent pathways
(Bonhoeffer et al., 1989; Schuman and Madison, 1994;
Cash et al., 1996; Engert and Bonhoeffer, 1997; Mc-
Mahon and Kauer, 1997; Fitzsimonds et al., 1997; Goda
and Stevens, 1998; Tao et al., 2000; Nishiyama et al.,
2000). Diffusible extracellular factors (Schuman and
Madison, 1994; Engert and Bonhoeffer, 1997) as well as
intracellular signals (Cash et al., 1996; Fitzsimonds et
al., 1997; Tao et al., 2000; Nishiyama et al., 2000) haveFigure 1. Bursting Activities in Tectal Neurons
been implicated in these studies. We thus further exam-(A) Spontaneous activity recorded from the tectal neurons in the
ined whether TBS-induced LTP can spread through ex-presence of a steady low-level background light. Continuous traces
depict membrane potential (resting potential  50 mV, upper tracellular space to retinotectal synapses made on other
panel) or current (Vh  70 mV, lower panel). Samples of potentials adjacent tectal neurons. The spatial organization of tec-
or currents exhibiting bursting activity are shown above at higher tal dendrites was examined with two-photon micros-
time resolution. Scales: for potential, 50 mV, 80 ms or 1 s; for current, copy after fluorescence labeling of two adjacent tectal
50 pA, 50 ms or 1.2 s.
cells (spaced at different distances) by intracellular load-(B) A typical tectal response to a step decrement in light intensity
(dimming stimulus). Top, changes in light intensity with time. Middle,
compound synaptic currents (Vh  70 min). Bottom, membrane
potential change (resting potential  50mV). Note the burst of in later trains because of short-term depression. Scale: 20 mV,
spikes generated in the tectal cell. Scales: 100 pA or 20 mV, 250 ms. 250 ms.
(C) A typical response of tectal cells to TBS applied to a suprathresh- (D) Histogram of interspike intervals during spontaneous bursts
old retinal input. TBS contained 10 trains (spaced by 200 ms) of 5 (thick dark line), dimming responses (dashed line), and theta bursts
pulses at 200 Hz. Note that the first burst of spikes resembles that (light gray line), based on data recorded from 20, 25, and 12 tectal
evoked by the dimming stimulus. The number of spikes decreases cells, respectively.
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Figure 2. Potentiation of Retinotectal Synapses Induced by Theta Burst Stimulation (TBS) Is Not Input Specific in Stage 40 Xenopus Tadpoles
(A) Results from an experiment in which three episodes of TBS were applied to one of the two convergent retinotectal inputs (input A). Data
points represent the peak amplitude of EPSCs elicited by test stimuli at the input exposed to TBS (A) and the one untetanized (B), respectively.
TBS was applied (at time “0”) with the tectal cell under current clamp. Shown above are the average traces of 15 consecutive EPSCs elicited
by test stimuli at the time marked by the opened arrows (scales: 50 pA, 10 ms). Dotted lines mark the average amplitude prior to the repetitive
stimulation.
(B) Summary of results from experiments similar to that shown in (A). Data on EPSC amplitudes are normalized to the mean value recorded
before TBS, and averaged over 2 min bins. Data points represent mean  SEM (n  11). Potentiation of input A and B is significant at 25–30
min after TBS (t test, p  0.01), but the extent of potentiation is not significantly different between A and B (p  0.3).
(C) Similar experiments as that shown in (B), except that the tectal cells were voltage clamped at a hyperpolarized potential (80 mV) during
TBS application (filled circles, n  8) or that D-APV (50 M) was present in the incubation medium throughout the experiment (open circles,
n  7). For clarity, open symbols were laterally displaced slightly.
ing with Calcein. As shown in Figure 3A, tectal neurons we did not observe spread of potentiation to the adja-
cent cell, while significant spread to converging inputsin stage 40–41 tadpoles exhibit a simple morphology
with one prominent dendrite projecting toward the neu- on the same cell was observed (Figures 3D and 3E). The
average changes in synaptic strength were 33  6%ropil surface of the tectum. The center-to-center dis-
tance between two adjacent somata correlates well with (mean SEM), 22 5%, and1 2% for the tetanized
input, convergent input on the same postsynaptic cell,the average distance between their dendrites, especially
for nearby cell pairs (Figure 3A). Knowing the orderly and input on the adjacent cell, respectively. In these
dual recording experiments, the center-to-center dis-dendritic projection of these neurons, we then per-
formed dual patch recordings from two adjacent tectal tance between cell 1 and 2 ranged from 8 to 25 m
(16  6 m, mean  SD, n  7). Assuming that thecells separated by a distance of less than 30 m (Figure
3B). Following the induction of LTP at input A on cell 1, distribution of synaptic inputs is random, then the mean
separation of converging inputs on cell 1 (A→1 and B→1)potentiation was found to spread to the converging input
B on cell 1, but not to synapse made by input B on the is in the same order as the mean distance between two
different inputs on two adjacent cells (A→1 and B→2)adjacent cell 2 (Figure 3C). In seven similar experiments,
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Figure 3. No Spread of Synaptic Potentiation to Adjacent Tectal Neurons
(A) Top panel, topography of dendritic projections of tectal cells in stage 40–41 tadpoles. Left, an image of two adjacent tectal cells at stage
41, loaded with fluorescent dye Calcein through the whole-cell recording pipette. The image shown is the maximum intensity projection of
45 individual sections acquired with the two-photon microscope. Bar  10 m. Right, schematic drawing showing the orderly projection of
tectal dendrites toward the neuropil surface. Axis: A, anterior; D, dorsal; L, lateral. Bottom panels, the average dendritic distances between
seven pairs of tectal cells are plotted against the center-to-center distances between the somata of these pairs. The average dendritic distance
is determined by measuring the distances between all corresponding 5 m dendritic segments between two tectal cells. The line represents
identity between the two parameters. Data for small distances between somata are shown at higher resolution in the box on the right.
(B) Schematic diagram depicting the experimental arrangement. Simultaneous perforated whole-cell recordings were made from two tectal
cells (1 and 2), each receiving convergent inputs from two nonoverlapping RGC inputs (A and B). Induction of LTP was achieved at the
connection made by input A to cell 1 (A→1), and the synaptic efficacy of connections B→1 and B→2 was assayed.
(C) Results from an experiment as depicted in (B). A persistent increase in the amplitude of A→1 was observed following three trains of TBS.
The EPSC amplitude of B→1 was similarly increased, whereas that of B→2 remained unchanged. Scale: 50 pA, 15 ms.
(D) Summary of seven experiments similar to that described in (C). Each data point (open circle) refers to the percentage change of EPSC
amplitudes (as compared to the control value of the same connection) at 25–30 min after TBS. Lines connect data points from the same
experiment. Filled squares represent average results (mean  SEM) for each type of connection. Potentiation at A→1 and B→1 is significant
(t test, p  0.01 for both A→1 and B→1), and the difference between potentiation extent at A→1 and B→1 is not significant (p  0.1).
(E) A full time course summary for all data shown in (C) and (D).
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since the average length of the dendrite of these neurons during the initial burst, while with 1 Hz correlated spiking,
the postsynaptic cell fired regularly at low frequency.was about 30 m. The above result suggests that a
signal confined within the cytoplasm of the activated Because only a limited range of developmental stages
were examined, it is possible that correlated spiking-postsynaptic neuron is likely to be responsible for the
spread of potentiation. However, we cannot exclude the induced LTP is also unspecific even earlier in devel-
opment.possibility that there is a clustering of retinal inputs on
a particular region of the dendrite, and extracellular fac-
tors with a small range of action (less than 16 m) could Input Specificity Correlates with More Restricted
still account for the observed spread of potentiation. Dendritic Ca2 Elevation
A potential cytosolic signal for mediating the spread
of synaptic potentiation is Ca2, which is known to beDevelopmental Changes in Input Specificity
of TBS-Induced LTP transiently elevated in the cytoplasm of postsynaptic
neurons during synaptic activation (Regehr and Tank,Developing tectal neurons undergo rapid morphological
changes during these early stages of Xenopus develop- 1990; Mu¨ller and Connor, 1991; Alford et al., 1993; Yuste
and Denk, 1995; Petrozzino et al., 1995). Thus, we havement (Wu et al., 1999). We found that the complexity of
the dendrite increases rapidly from stage 40 to 45, with further examined the spatiotemporal pattern of dendritic
Ca2 following TBS or correlated spiking, using Ca2-increasing total length and number of secondary and
tertiary branches (Figures 4C and 4D). Interestingly, sensitive fluorescent dye Oregon Green BAPTA-1, which
was loaded into the tectal cell through the whole-cellwhen LTP was induced at retinotectal synapses of stage
4445 tadpoles, the potentiation was highly input spe- recording pipette. In stage 40 tadpoles, TBS applied to
RGCs resulted in a transient global elevation of Ca2cific. As shown in Figures 4A and 4B, potentiation was
observed only in the stimulated pathway (37  9%; 0  throughout the dendrite of the tectal cell (Figure 6A).
In contrast, at stage 44, the same TBS triggered Ca23% for the untetanized input, n  7). Furthermore, the
average extent of the spread of potentiation was also elevation over a more restricted dendritic domain (of
10 m), as shown by the relative change in fluores-reduced in stage 42–43 tadpoles (changes in synaptic
strength were 33  7% for input A and 12  6% for cence intensity following TBS at different regions along
the length of the dendrite (Figure 6B). No significantinput B, n  7), as compared to that found at stage
40–41 (Figure 4D). Thus, input-specific LTP appears in change in Ca2 was observed when the experiments
were carried out with the postsynaptic cell voltagemore matured tecta, a change that parallels the develop-
ment of more extensive dendritic arbors. clamped at 80 mV or when 1 Hz correlated spiking
protocol was used for stimulation (Figures 6C). The
above experiments showed that postsynaptic Ca2 ele-LTP Induced by Correlated Spiking
vation evoked by TBS became more restricted at laterIs Input Specific
stages. To further confirm this observation, we mappedIt has been shown previously that LTP of retinotectal
Ca2 transients evoked by TBS of two separate RGC(Zhang et al., 1998), hippocampal (Magee and Johnston,
inputs sequentially on the same tectal cell at stage 44–1997; Debanne et al., 1998; Bi and Poo, 1998), and corti-
45. As shown in Figures 7A and 7B, relatively localizedcal (Markram et al., 1997) synapses can be induced by
Ca2 elevations from the two inputs were observed onrepetitive correlated spiking of pre- and postsynaptic
separate branches of the tectal neuron. When synapsesneurons, if the presynaptic spiking precedes the post-
were activated by dimming stimulus instead of by TBS,synaptic spiking by a short interval. When LTP was in-
similar increases in Ca2 could be detected. Elevationduced by correlated spiking at 1 Hz at a retinotectal
of Ca2 was also observed over distinct regions of theinput of a stage 40 tadpole, unlike that induced by TBS,
postsynaptic dendrite (Figure 7C). These results furtherthere was no change observed at other unstimulated
confirm that at later stages, synaptically evoked Ca2converging inputs (Zhang et al., 1998). Such input speci-
transients are restricted into discrete dendritic domains,ficity was also found in later stages (stage 44–45. Synap-
which could be a basis for the observed input specificity.tic changes were 37% 17% for input A and5% 8%
for input B. Data are mean SD, n 3). The difference in
input specificity for LTP induced by TBS and correlated Discussion
spiking was not due to the total number of stimuli ap-
plied: LTP induced by correlated spiking remained input The main finding of the present study is that input speci-
ficity of activity-induced synaptic modification dependsspecific even when the total number of stimuli exceeded
that used in TBS (Figure 5). When 600 pulses were ap- on the developmental stage and the stimulation pattern.
These results suggest that shortly after synaptogenesis,plied during 1 Hz correlated spiking protocol, synaptic
changes were 32  5% (mean  SEM) for input A and there exists a narrow period during which different in-
puts on the same postsynaptic neuron may interact9  9% for input B (n  7, Figure 5B). Thus, unlike that
induced by TBS in these young tadpoles, LTP induced through nonspecific spread of LTP. Previous studies
have shown that at this early developmental stage,by low frequency correlated spiking is input specific
through the same developmental period. This difference bursts of action potentials in the tectal neuron can be
evoked by simple visual stimuli of changes in the levelis due to a different pattern of activity, not only in the
frequency of presynaptic stimulation (200 Hz versus 1 of illumination, repetitive application of which resulted
in the potentiation of excitatory retinotectal synapsesHz), but also in the property of postsynaptic spiking-
induced. We noted that in theta burst stimulation, there (Zhang et al., 2000). The present results indicate that
potentiation induced by theta burst, which resembleswas a small cluster of high frequency spikes generated
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Figure 4. Input-Specific Synaptic Potentiation Induced by TBS in More Matured Tectum
(A) Results from an experiment similar to that shown in Figure 2A, except that tadpoles of stage 44 were examined. Scale: 50 pA, 10 ms.
(B) Summary of seven experiments similar to that shown in (A) in stage 44–45 tadpoles. Only the increase in input A is significant (at 25–30
min after TBS, p  0.001, t test).
(C) Images of tectal neurons in stage 40 and 44 tadpoles. The cells were loaded with Calcein through the whole-cell recording pipette, and
imaged by two-photon scanning microscopy. Bar  10 m for both top and bottom panels.
(D) Developmental changes in input specificity correlate with that in the total neurite length and the number of branch points (bottom panel).
Top panel, data points represent percentage change in the EPSC amplitude after application of TBS to one of the two converging inputs
(tetanized input). Data points from the same experiment are connected with a line. Filled symbols represent average values. Error bar  SEM.
endogenous and visually driven bursting activity, can dependent Ca2 channels (VDCCs) (Mu¨ller and Connor,
1991; Miyakawa et al., 1992; Perkel et al., 1993; Malinowspread to other unstimulated inputs. Such a spread of
potentiation was also found to correlate with the spatial et al., 1994; Magee et al., 1995; Yuste et al., 1999). In
our present study, the Ca2 elevation induced by TBSdistribution of synaptically evoked Ca2 elevation in the
postsynaptic dendrites. is largely mediated through NMDA receptors since after
bath application of D-APV (50 M), it was significantlyStudies of hippocampal pyramidal cells have sug-
gested that Ca2 influx induced by synaptic activation reduced (Figure 6C) while Ca2 increase by somatically
evoked action potentials was not affected (data notcan be mediated by NMDA receptors and Voltage-
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Figure 5. Input Specificity in Synaptic Potentiation Induced by Correlated Pre- and Postsynaptic Spiking of Retinotectal Synapses in Stage
40 Tadpoles
(A) Results from an experiment similar to that described in Figure 2A, except that a low frequency (1 Hz, 600 stimuli) stimulation was applied
to suprathreshold input A instead of TBS. Persistent increases in EPSC amplitude were observed at the stimulated input A, but not at the
unstimulated input B. Scale: 50 pA, 10 ms.
(B) Summary of all experiments similar to that shown in (A).
(C) Dependence of the extent of synaptic potentiation on the number of stimuli applied to RGCs. Mean percentage increase ( SEM) in the
EPSC amplitude at 25–30 min following correlated pre- and postsynaptic spiking at 1 Hz at stimulated and unstimulated synapses or following
TBS (total 150 stimuli). The number of experiments is shown in the parenthesis.
shown). Voltage clamping the cell at a hyperpolarized high frequency somatically induced action potentials
by current injection (at 100 Hz for 2 s, 2 ms, 200 pApotential (80 mV), which maintained the Mg2 block of
NMDA receptors (Mayer et al., 1984; Nowak et al., 1984), depolarizing current pulse, data not shown). However,
these calcium channels apparently do not contributealso prevented TBS-induced Ca2 accumulation (Figure
6C) and the induction of LTP (Figure 2). At the early significantly to the synaptically induced Ca2 elevation
(see Figure 6C, TBS after APV), possibly due to their lowstages of tadpole development, the tectal neuron is elec-
trically compact due to its small volume and simple density on the dendrite. The large synaptically induced
Ca2 elevation observed could be attributed to influxmorphology, thus a good voltage control of dendritic
membrane potential is possible. Voltage-gated calcium through NMDA receptors, or release from internal Ca2
stores triggered by the initial Ca2 signal through NMDAchannels are present on the dendrites of these neurons
since global dendritic Ca2 elevation can be elicited with receptors, as suggested by the previous work in hippo-
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Figure 6. Dendritic Ca2 Elevation Induced by Retinal Stimulation
(A1 and B1) Two-photon microscopic images of tectal neurons at stage 40 and 44, respectively. The tectal neurons were loaded with Oregon
Green BAPTA-1. The images were obtained by performing a maximum intensity projection of the neuron after the end of the experiment. One
episode of TBS was applied to a RGC input with the tectal cell under current clamp. The yellow traces represent time course changes in the
fluorescence intensity due to TBS at different regions marked by the red bar. Scale bars (same for [A1] and [B1]): top, 10 m; bottom, 40%, 2 s.
(A2 and B2) The peak value of fluorescence change at different dendritic location in the stage 40 (A2) and 44 (B2) tectal neurons, respectively.
Experiments are similar to those shown in (A1) and (B1). Data from the same neuron are connected with lines. The “0” distance refers to the
approximate center location of the dendritic Ca2 elevation.
(C) Column represents the average value of maximum Ca2 elevations observed at the dendrite. “Control TBS”: data are from those shown
in (A2) and (B2). “TBS  v.c.”: one episode of TBS was applied with the tectal cell voltage clamped at 80 mV. “Paired spiking”: correlated
pre-and postsynaptic spiking protocol (at 1 Hz) was applied. Data shown in the latter two groups were from subsets of cells examined for
“control TBS.” Last three columns: data obtained from the same cells before and after bath application of D-APV (50 M) for 15 min (n  5
cells), or after 1 hr preincubation of the tectum in thapsigargin (“Tg,” 2 M, n  4) or BHQ (10 M, n  1). Thapsigargin and BHQ were present
during the recording and imaging. The value for each individual cell was obtained from average of five trials. Error bar  SEM.
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Figure 7. Dendritic Ca2 Elevation Induced by Activation of Multiple Inputs
(A) Ca2 elevation in the dendrite of a tectal neuron in a stage 44 tadpole evoked by sequential TBS of two separate RGC inputs located on
opposite sides of the optic nerve head (distance 50 m). The images obtained at 0, 1, 2, 4, and 6 s after TBS at input 1 (top row) and input
2 (bottom row) are shown. The percentage change is coded with pseudocolors with scales shown on the right. Bar  10 m.
(B) Domains of Ca2 elevation triggered by two converging inputs are depicted for three different tectal cells in stage 44–45 tadpoles. Ca2
elevations are coded in red for input 1 and green for input 2. The direct distances across the extracellular space between the respective
peaks of Ca2 elevation are (from left to right) 14 m, 22 m, and 5 m, while the distances along the process of the neuron (intracellular)
are 35 m, 23 m, and 10 m. Note that there is an apparent shortening of all distances due to the 2-D projection of 3-D images. Scales 
10 m.
(C) Images were taken from a stage 45 tectal neuron. The experiment and display are similar to that in Figures 6A and 6B, except that a
dimming stimulus (100 ms step decrease of background light) instead of TBS was used for stimulation. Note that the shape and amplitude
of the Ca2 signal are similar to those evoked by TBS, but that there are more distinct regions of dendrite Ca2 elevation due to the fact that
more retinal inputs were activated by the visual stimulus (Bar  10 m; scales: left, 40%, 1 s; right, 20 mV, 250 ms).
campal slices (Emptage et al., 1999). In the current study, a large amount of Ca2 could still be observed after 1
hr preincubation of the tectum with thapsigargin or BHQwe found that internal Ca2 stores did not seem to con-
tribute significantly to the global elevation of Ca2 since (Figure 6C), which are known to deplete internal Ca2
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stores in a variety of cells, including developing Xenopus in a spread of potentiation to other convergent syn-
spinal cord neurons (Hong et al., 2000). apses, probably through the action of postsynaptic Ca2
Previous studies of hippocampal or cortical neurons elevation.
showed that single somatic spikes induce Ca2 accumu- The physiological role of the spread of LTP in early
lation throughout spines and dendrites (Jaffe et al., 1992; developing circuits is unknown. It is possible that it is
Yuste and Denk, 1995; Spruston et al., 1995; Markram involved in facilitating the formation of convergent syn-
et al., 1995; Svoboda et al., 1997), while Ca2 transients apses. At an early stage of development of visual sys-
evoked by subthreshold synaptic activation are largely tem, profuse synaptic connections are made between
localized to isolated spines (Mu¨ller and Connor, 1991; RGCs and higher order neurons in the visual pathway.
Yuste and Denk, 1995). Pairing EPSPs with action poten- The refinement of connections results in the formation
tials amplified the synaptically evoked Ca2 influx (Yuste of highly specific connections, with much fewer RGCs
and Denk, 1995; Magee and Johnston, 1997; Koester projecting to a single target neuron (Katz and Shatz,
and Sakmann, 1998; Schiller et al., 1998; Yuste et al., 1996; Chen and Regehr, 2000). Physiological studies of
1999). In the present study, no significant Ca2 elevation synaptic transmission during the early period of devel-
was observed with 1 Hz correlated spiking (Figure 6C), opment of retinogeniculate connections suggest that
or with 1 Hz somatically evoked action potentials by multiple functional connections are made prior to the
current injection (data not shown). This could result from developmental remodeling (Chen and Regehr, 2000).
low density VDCCs in the dendrite of these tectal cells. Such functional state may be necessary for subsequent
On the other hand, our current method, which imaged synaptic competition through activity-dependent mech-
only the section planes of the dendrite (see Experimental anisms. The spread of LTP among converging inputs
Procedures), may have failed to detect very localized reported here provides a cooperative mechanism by
Ca2 signals evoked by single synaptic activation. which multiple converging synaptic contacts can be es-
Postsynaptic Ca2 elevation is known to be causally tablished during early neural development, or else syn-
related to the induction of LTP (Malenka et al., 1988; aptic connections that form first are most likely to win.
Bliss and Collingridge, 1993; Neveu and Zucker, 1996). After the establishment of a network of abundant initial
The spread of LTP was found to correlate with a global connections, input specificity may emerge as a result
elevation in Ca2, suggesting that the spatially restricted of dendritic elaboration and synapse rearrangement, for
Ca2 elevation induced by TBS at late stages may be which activity-driven synaptic competition may play a
related to the input specificity of LTP, although other critical role.
developmental mechanisms may also be involved. Sev-
eral possible mechanisms may contribute to the change
Experimental Proceduresof distribution of dendritic Ca2 elevation observed dur-
ing development: (1) compartmentalization of Ca2 may
Tadpole Preparation and Electrophysiology
reflect development of subsynaptic buffering systems Xenopus tadpoles were staged by criteria of Nieuwkoop and Faber
of lower motility and higher capacity or uptake and ex- (1967). Tadpoles were anesthetized with saline containing 0.02%
trusion mechanisms that restrict Ca2 diffusion in the MS222 (Sigma), and secured by insect pins to a sylgard-coated dish
and incubated in HEPES-buffered saline containing the followingdendrite; (2) it may imply a clustering of multiple synaptic
(in mM): NaCl 115; KCl 2; HEPES 10; CaCl2 2.5; glucose 10; MgCl2sites from a single RGC input to a distinct dendritic
1.5 (pH 7.3). For recording, the skin on top of the head was removeddomain or a reduction in the number of synapses made
and the brain was split open along the midline to expose the innerby each input; (3) it may be due to developmental
surface of the tectum on one side. A low dose (2 g/ml) of -bun-
changes in the conductance property or voltage depen- garotoxin was applied to the bath to prevent occasional contraction
dency of NMDA receptors (Carmignoto and Vicini, 1992; of muscle fibers during the recording. As previously shown (Zhang
Hestrin, 1992; Monyer et al., 1994), possibly relating to et al., 1998), this toxin treatment did not affect the retinotectal re-
sponses recorded significantly. The method of perforated-patchthe developmental switch of the composition of NMDA
whole-cell recording followed that reported previously (Hamill et al.,receptors (Monyer et al., 1994; Flint et al., 1997; Philpot
1981; Rae et al., 1991). The micropipettes were made from borosili-et al., 2001).
cate glass capillaries (Kimax), with a resistance in the range of 4–6Neuronal activity spontaneously or visually generated M	. The pipettes were coated with a layer of sylgard except near
in the retinotectal system consists of both low frequency the tip, tip-filled with internal solution, and then back-filled with
spiking activity and high frequency bursts (Figure 1). Our internal solution containing 200 g/ml amphotericin B. The internal
previous studies have shown the spike timing-depen- solution contained the following (in mM): K-gluconate 110; KCl 10;
NaCl 5; MgCl2 1.5; HEPES 20; EGTA 0.5 (pH 7.3). The bath wasdent synaptic modification at these retinotectal syn-
constantly perfused with fresh recording medium at a slow rateapses (Zhang et al., 1998)—correlated pre- and postsyn-
(0.5 ml/min) throughout the recording, and all experiments wereaptic spiking with positive intervals (of  20 ms) leads
performed at room temperature (2022
C). Because there is a ros-
to LTP, whereas that of negative intervals ( 20 ms) tral-caudal gradient of synapse maturation (Wu et al., 1996), we
leads to LTD. This rule may be extended to account for have only recorded from neurons located in rostral 1/3 of the tectum
the synaptic potentiation induced by bursting activity by for consistency. Recordings were performed with patch clamp am-
assuming that synaptic modification through the spike plifiers (Axopatch 1D; Axon Instruments). Signals were filtered at 5
kHz using amplifier circuitry and stored on a VCR. Data were sam-timing mechanism at each input can be integrated over
pled at 10 kHz and analyzed using Axoscope software (Axon Instru-time during a sequence of spiking activity. This is consis-
ments). The whole-cell capacitance was fully compensated and se-tent with the finding that correlated pre- and postsynap-
ries resistance (20–40 M	) was compensated at 75%–80% (lag 60
tic bursts resulted in a potentiation of EPSPs in cortical
s). Data accepted for analysis were only those cases where the
pyramidal neurons (Markram et al., 1997). However, dur- average amplitude of EPSCs did not vary beyond 10% of the average
ing early development, in addition to the modification value during the control period (15 min), the series resistance did
not change more than 10%, and input resistance (0.4 to 1 G	)of the activated synapses, bursting activity also results
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